In this study, investigation of video processing method which is a new technique for precision displacement measurement is presented. The video processing method was integrated with an interferometric system and the thermal expansion results and linear thermal expansion coecients of a heated sample metals were compared with theoretical results. Michelson interferometer setup was used in our study due to its advantages in precision displacement information of a visual output, called interferograms. In the experimental studies, signals of interferograms containing displacement information were obtained from the measurement system. The amount of displacement in the sample metals under the temperature variation due to thermal expansion was measured with the analysis program, written in Matlab/Simulink environment, with a micrometer precision. The measured displacement amounts were compared with the results of theoretical calculations. According to the theoretical values, the relative error of the values measured with video processing based method, was found found to be 0.3%
Introduction
Nowadays, with the acceleration of the development of video industry, video processing technology is used for many new applications, especially in scientic, medical and engineering areas, and of course, in household applications [15] . Measurement applications that have an important place in the industrial and scientic studies can be carried out using the method of image and video processing [68] . In order to accomplish the precision displacement measurements which are important for material science, semiconductor metrology, lithography applications, the surface roughness analysis, thermal property analysis of high-tech materials and material expansion tests [911] , by their nature, systems that require complex design are used. Interferometric displacement measurement systems are one of the commonly used systems in the precision displacement measurements [12] . Interferometric displacement systems are able to detect displacement as a result of a physical eect with a measurement accuracy of the wavelength of laser light. Michelson interferometer is one of the interferometer varieties that are recommended for this type of measurements.
Michelson interferometer setup provides a visual output, called as interferograms, that can be used in determining the precision displacement by using the video processing methods. Software packages are very important due to their advantages, such as providing a good environment for applications and development of video processing. Such packages provide fast and exible solutions for the programmer by means of functions present in their structures. One of the most important programs * corresponding author; e-mail: gokhan.bocekci@gmail.com in which video processing applications can be carried out is MATLAB/Simulink program. In this study, the interferogram signal which contains displacement information obtained with Michelson interferometer has been analyzed using a video processing method designed on the MATLAB/Simulink program. The amount of displacement on the heated metal subjects was determined with the precision of the wavelength of the laser light. Masuda, has carried out a thermal expansion measurement of Corundum (Al 2 O 3 ) with a dierential laser interferometer system, using He-Ne laser up to temperature of 1000 K [13] . Suska, has measured the linear thermal expansion coecients of rod-shaped materials having the dimensions of 60 × 40 mm 2 and size of 1001300 mm by using the laser interferometric method, between 10 40
• C [14] . Zagar, has measured the amount of heat expansion of copper samples at four dierent temperatures using laser interferometer separately, and then has tested the linearity of the system [15] . Demarest has described an electronic interferometric measuring system with high-resolution, high speed and reduced amount of uncertainty in laser measuring systems. In his study, he has evaluated the relationship between the structure of interferometric measuring system and measurement performance of laser displacement sensor [16] . Zhang, has measured the surface roughness and amount of displacement using an optical sensor, simultaneously. As a result of the experiments, performed on ten dierent surfaces, 100% reliable surface classication has been made [17] . Neubert and his colleagues have designed a high-speed dilatometer to test expansion and contraction of solid subjects. They have achieved a 0.3 nm resolution by using the dierential interference measurement method. The induction furnace used in the system was working with induction heating and gas cooling system and was heated to 1600
• C [18] . James and his team have investi-
gated the determination of thermal expansion coecients of materials in the process of expansion and contraction of materials, at high temperatures of metallurgical processes, by a computer-based process modeling of thermal deformation, resulting from stress and strain of materials. They have introduced the dilatometer for measurements at high temperatures, mechanical, optical imaging and interference systems, x-ray diraction methods and electrical pulse injection techniques [19] . Schödel, by taking into account the signicantly growing demand for information on dimensional stability and thermal expansion properties of high-tech materials, has investigated the recent developments in elongation and thermal expansion measurements using PTB sensitive interferometers. It was found that, that the uncertainty of thermal expansion measurement is constant and being 10 −9 K −1 or less [20] . In our study concerned with measurement of the amount of displacement of subjects under temperature variation, relative error values were at the level of 3.3% for aluminum and copper, using electronic fringe counting method [21] . The dierence between the measurement system which is developed in our study and the ones from the other studies was in using of the video processing technique to detect the number of fringes in interferograms signal and its utilization for the rst time to detect material's thermal elongations.
The measurement system
The displacement measurement system designed and build by us is called LETI-1 (Thermal Expansion Experimental Unit). It consists of a video camera and a displacement analysis program generated in the computer environment. The block diagram of the system is shown in Fig. 1 . Fig. 1 . Precision displacement measurement system. LETI-1 is a test instrument used for determination of displacement of sample metals subjected to heating. LETI-1 test system consists of a temperature controlled furnace in which the furnace temperature can be set between 18
• C and 60
• C with the temperature measurement accuracy of 0.1
• C. It has a chamber in which 150 mm long, 30 mm wide metal samples can be t, a Michelson interferometer assembly, and a 0.7 ∼ 1 mW He-Ne laser that emites light with a wavelength of 632.8 nm. In the Michelson interferometer tted on LETI-1 test system, the incident laser beam from the He-Ne laser is divided into two beams by using amplitude dividing method. These light beams are reected respectively from a xed mirror located in the system and from a moving mirror which moves as a result of thermal expansion of sample metal in the furnace chamber, caused by temperature variation. Finally, both light beams are coupled again to get interferogram signal. In this study, in order to capture the interferogram signal and also the movement of this interferogram signal, Sony DVDDCR602e model video camera was used. During the operation, the interferogram interference signal was recorded in 736 × 576 video format, at 25 images per second (fps), which is the format supported by the selected video camera. The block structure of displacement analysis program created in MATLAB/Simulink environment is shown in Fig. 2 . Displacement analysis program consists of a source video signal block which shows the interferogram location of the video signal to be analyzed, a submatrix block which reduces the size of the interferogram signal frame, a Gaussian lter block which reduces the noise of the video signal, an autothreshold block, which converts the video signal containing the gray-scale color tones to two-color images, a median lter block which removes the salt and pepper noise in the images, a labeling block which determines the number of interference fringe signals in a single frame of video signal, and a decision block, which identies the labeled interference fringes, a test block which determines the accuracy of the interference fringes that were discovered, a fringe counting block which determines the number of fringes in video signal and, on that basis, determines the amount of metal displacement. Number of interference fringes, determined by the counter block is transferred to the result block which will give the displacement information by using the mathematical equa-tion,
where, ∆L measured is the amount of expansion, N is the number of interference fringes, λ is the laser wavelength. Thermal expansion coecients of aluminum and copper metals which we used as the subject material in our measurement system were 22.7×10 −6 / • C and 20.6×10 −6 / • C, respectively. The results of experimental studies were compared with theoretical values by using the mathematical equation,
where, ∆L calculated is the amount of expansion, α is the coecient of linear thermal expansion, L 0 is the initial length of the solid material; ∆t is the temperature range. Relative error rates of the experimental values are obtained by using the mathematical equation,
where β is the relative error rate. The coecient of linear thermal expansion values was obtained by using the mathematical equation,
where, α is the coecient of linear thermal expansion; N is the number of interference fringes; λ is the laser wavelength; L 0 is the initial length of the solid material; ∆t is the temperature range.
Results and discussion
In the measurements that were carried out between 26.551.5
• C, when aluminium was used as a test material, experimental expansion values were found to be 85.40 µm by using Eq. 1. In this temperature range, the theoretical expansion was determined to be 85.125 µm by using Eq. 2. Relative error rate was found to be 0.33% by using Eq. 3. In the measurements that were carried out between 26.546.5
• C, when copper was used as a test material, the experimental expansion values were found to be 62.01 µm by using Eq. 1. In this temperature range, the theoretical expansion was determined as 61.8 µm by using Eq. 2. Relative error rate was found to be 0.3% by using Eq. 3. Linear thermal expansion coecients were found by using Eq. 4. Linear thermal expansion coecients were found to be 23.202 × 10 −6 and 20.671 × 10
for aluminium and copper respectively. Based on the results obtained in this study, it is concluded that, this video processing method with a high precision of measurement results and low relative error rates, can be used as an alternative method for the precise displacement measurements.
Conclusions
In this study, video processing technique was used in order to measure the thermal expansion of metals. In electronic thermal expansion measurements, the noise effects appearing on the interferogram signals are removed using hardware solutions but in our study, the noise effects are removed by using the designed software and this software provides a decrease in system costs. The results obtained with video processing technique are compared with theoretical values. The obtained relative error value is found to be 0.3%. While the same measurement is performed by using fringe counting method, the relative error value is found to be 3.3%. Based on our results, it is concluded that video processing technique, which we recommend as a new method for precision displacement measurement, can be used as a suitable and precise method for the measurement of displacement.
